c Cytochrome P450 monooxygenases (P450s), which constitute a superfamily of heme-containing proteins, catalyze the direct oxidation of a variety of compounds in a regio-and stereospecific manner; therefore, they are promising catalysts for use in the oxyfunctionalization of chemicals. In the course of our comprehensive substrate screening for all 27 putative P450s encoded by the Streptomyces griseus genome, we found that Escherichia coli cells producing an S. griseus P450 (CYP154C3), which was fused C terminally with the P450 reductase domain (RED) of a self-sufficient P450 from Rhodococcus sp., could transform various steroids (testosterone, progesterone, ⌬ 4 -androstene-3,17-dione, adrenosterone, 1,4-androstadiene-3,17-dione, dehydroepiandrosterone, 4-pregnane-3,11,20-trione, and deoxycorticosterone) into their 16␣-hydroxy derivatives as determined by nuclear magnetic resonance and high-resolution mass spectrometry analyses. The purified CYP154C3, which was not fused with RED, also catalyzed the regio-and stereospecific hydroxylation of these steroids at the same position with the aid of ferredoxin and ferredoxin reductase from spinach. The apparent equilibrium dissociation constant (K d ) values of the binding between CYP154C3 and these steroids were less than 8 M as determined by the heme spectral change, indicating that CYP154C3 strongly binds to these steroids. Furthermore, kinetic parameters of the CYP154C3-catalyzed hydroxylation of ⌬ 4 -androstene-3,17-dione were determined (K m , 31.9 ؎ 9.1 M; k cat , 181 ؎ 4.5 s ؊1 ). We concluded that CYP154C3 is a steroid D-ring 16␣-specific hydroxylase which has considerable potential for industrial applications. This is the first detailed enzymatic characterization of a P450 enzyme that has a steroid D-ring 16␣-specific hydroxylation activity. C ytochrome P450 monooxygenases (P450s or CYPs) are found in all three domains of life, i.e., archaea, bacteria, and eukarya, and are classified into more than 1,000 families by their amino acid sequence homology (1). They have the ability to hydroxylate inactive carbons of hydrocarbons or aromatic compounds regioand stereospecifically (2, 3). In animals, P450s are mainly involved in xenobiotic metabolism and steroid biosynthesis (4, 5). In plants, many P450s are involved in the biosynthesis of plant hormones and secondary metabolites (6). In contrast, the functions of bacterial P450s are largely unknown, although some bacterial P450s are required for secondary metabolite biosynthesis and assimilation of terpenoids, such as cineol or terpineol (7-10). In spite of their unknown physiological functions, however, bacterial P450s have attracted much attention as a rich resource for new biocatalysts for use in the oxyfunctionalization of chemicals (11, 12). For example, microbial conversion of steroid precursors is widely used for large-scale synthesis of steroid drugs (13-17).
C
ytochrome P450 monooxygenases (P450s or CYPs) are found in all three domains of life, i.e., archaea, bacteria, and eukarya, and are classified into more than 1,000 families by their amino acid sequence homology (1) . They have the ability to hydroxylate inactive carbons of hydrocarbons or aromatic compounds regioand stereospecifically (2, 3) . In animals, P450s are mainly involved in xenobiotic metabolism and steroid biosynthesis (4, 5) . In plants, many P450s are involved in the biosynthesis of plant hormones and secondary metabolites (6) . In contrast, the functions of bacterial P450s are largely unknown, although some bacterial P450s are required for secondary metabolite biosynthesis and assimilation of terpenoids, such as cineol or terpineol (7) (8) (9) (10) . In spite of their unknown physiological functions, however, bacterial P450s have attracted much attention as a rich resource for new biocatalysts for use in the oxyfunctionalization of chemicals (11, 12) . For example, microbial conversion of steroid precursors is widely used for large-scale synthesis of steroid drugs (13) (14) (15) (16) (17) .
CYP154 family members are widely found in actinomycetes, and many putative CYP154 genes have been found in the genomes of Streptomyces species. The structure of two CYP154 enzymes from Streptomyces coelicolor A3(2), CYP154C1 and CYP154A1, has already been elucidated by X-ray crystallography (18, 19) . CYP154C1 has been shown to convert the 12-and 14-membered ring macrolides, narbomycin and YC-17, into pikromycin and neomethymycin, respectively, in vitro (18) ; however, not enough substrate screening of CYP154C1 has been performed. A metabolomics approach revealed an endogenous substrate of CYP154A1; unexpectedly, CYP154A1 has been shown to catalyze intramolecular cyclization of a novel dipentaenone to a Paternò-Büchi-like product without oxidation/reduction (20) . To date, there is no other report on the function of CYP154 enzymes of Streptomyces species, while several studies on the CYP154 enzymes of Thermobifida fusca and Nocardia francinica have been reported. CYP154H1 of T. fusca hydroxylates ethylbenzene, n-propylbenzene, styrene, and indole and oxidizes sulfide compounds into sulfoxides and sulfones in vitro (21) . In contrast, CYP154C5 of N. francinica has been shown to hydroxylate testosterone at the 16␣ position of the D ring by a bioconversion experiment (13) . Very recently Bracco et al. showed that this enzyme can also hydroxylate five other steroids (pregnenolone, dehydroepiandrosterone, progesterone, ⌬ 4 -androstene-3,17-dione, and nandrolone) at the 16␣ position of the D ring (22) . It is also noteworthy that in 1957, Streptomyces roseochromogenus was reported to hydroxylate two steroids (9␣-fluorohydrocortisone and 9␣-fluoroprednisolone) at the 16␣ position of the D ring (23) , suggesting that S. roseochromogenus has a P450 that catalyzes a reaction similar to that of CYP154C5 of N. francinica. In fact, Berrie et al. purified and characterized this P450 enzyme (24) . Very recently, Von et al. reported on the substrate screening of two CYP154 enzymes, CYP154E1 of T. fusca and CYP154A8 of N. francinica (25) . CYP154E1 and CYP154A8 oxidize many compounds, including saturated fatty acids, primary alcohols, and terpenoids. Both enzymes convert neither anthraquinones nor steroids.
The streptomycin producer Streptomyces griseus IFO13350 has 27 putative P450 genes in its genome (26) . Among them, only SGR6619 (P450mel, CYP107F1) has already been studied. CYP107F1 is involved in the hexahydroxyperylenequinone (HPQ) melanin biosynthesis and catalyzes oxidative biaryl coupling of 1,3,6,8-tetrahydroxynaphthalene to produce HPQ (27) . We were interested in the functions of other P450s, including three CYP154 family members, CYP154M2 (SGR622), CYP154C3 (SGR1085), and CYP154C4 (SGR3108); hence, we carried out a comprehensive screening of their substrates using E. coli cells producing each P450 as a fusion protein with the P450 reductase domain of a self-sufficient P450 from Rhodococcus sp. and a lowmolecular-weight compound library composed of 57 substrate candidates (Fig. 1) . In the course of this screening, we found that one of the three CYP154 enzymes (CYP154C3) catalyzed regioand stereospecific hydroxylation of various steroids at the 16␣ position of the D ring, indicating that this enzyme has considerable potential for industrial applications. Here, we describe the detailed enzymatic characterization of CYP154C3, including its substrate specificity, reaction specificity, and kinetic parameters.
MATERIALS AND METHODS
Recombinant DNA techniques. All recombinant DNA techniques were conducted by a previously described standard molecular biology technique (28) or by following the instructions provided by the suppliers.
Construction of expression plasmids. The SGR1085 gene was amplified by PCR using two primers, SGR1085_F (5=-TACCATATGAACTGC CCGCACACTGC-3=; the NdeI site is underlined, and the start codon is in boldface) and SGR1085_R (5=-TACGAATTCGCCCAGGAGGACCG-3=; the EcoRI site is underlined), with S. griseus chromosomal DNA (25 ng) as the template. The 1.2-kb fragment amplified was digested with NdeI and EcoRI and cloned between the NdeI and EcoRI sites of pRED (29) to construct pCYP154C3-RED. In this plasmid, the original stop codon (TAG) of the SGR1085 gene was removed, and the gene was fused in frame with the RhF gene of Rhodococcus species. To construct a nonfused pCYP154C3, the SGR1085 gene was amplified by PCR using two primers, SGR1085_F2 (5=-TACCATATGAACTGCCCGCACACTGCC-3=; the NdeI site is underlined, and the start codon is in boldface) and SGR1085_R2 (5=-TACCTCGAGGCCCAGGAGGACCG-3=; the XhoI site is underlined), with pCYP154C3-RED (10 ng) as the template. The 1.2-kb fragment amplified was digested with NdeI and XhoI and cloned between the NdeI and XhoI sites of pET26b(ϩ) (Merck KGaA, Darmstadt, Germany) to construct pCYP154C3. In this plasmid, the original stop codon (TAG) of the SGR1085 gene was removed, and the gene was fused in frame with a His 6 tag sequence.
Expression of the CYP154C3-RED fusion gene and in vivo substrate screening assay. E. coli BLR(DE3) carrying pCYP154C3-RED was incubated in 2ϫYT medium (2 ml) containing 100 g/ml carbenicillin at 37°C for 4 h with reciprocal shaking. After the optical density at 600 nm (OD 600 ) reached 0.8, the culture was transferred into fresh 2ϫYT medium (500 ml) containing 80 g/ml 5-aminolevulinic acid hydrochloride (5-ALA), 100 g/ml carbenicillin, 0.1 mM Fe(NH 4 BO 3 , and 20 ml of concentrated hydrochloric acid]. Cultivation was continued at 37°C until the OD 600 reached 0.8. Isopropyl-␤-D-thiogalactopyranoside (IPTG; 0.01 mM) was added to the culture, and incubation was continued for another 20 h at 20°C on a rotary shaker. The concentration of CYP154C3-RED was examined by the CO difference spectrum analysis (30) .
The cells were collected by centrifugation and suspended in 100 ml of 2998). An aliquot (6 l) of the organic phase was applied to HPLC and separated using a MonoBis ODS column (inner diameter, 3.2 mm by 50 mm; Kyoto Monotech, Kyoto, Japan). The compounds were eluted with an acetonitrile-water gradient (both containing 0.1% trifluoroacetic acid) at a flow rate of 1 ml/min. The details of HPLC conditions are the following: solvent A (5% acetonitrile in 0.1% trifluoroacetic acid) for 4 min, and then a linear gradient from solvent A to solvent B (100% CH 3 CN-0.1% trifluoroacetic acid) for 18 min, and finally solvent B for 3 min. Maximum absorbance was monitored in the range from 200 to 500 nm (maximum plot). Purification of recombinant CYP154C3. For the production of Cterminally 6ϫ histidine-tagged CYP154C3, the E. coli BLR(DE3) strain harboring pCYP154C3 was inoculated into 2ϫYT medium (2 ml) containing 100 g/ml of carbenicillin and grown at 37°C for 4 h. After the OD 600 reached 0.8, the cell culture was transferred into terrific broth (1 liter) containing 80 g/ml 5-ALA, 1% glucose, 100 l/ml carbenicillin, 0.1 mM Fe(NH 4 ) 2 (SO 4 ) 2 , and 200 l/liter trace element solution. Cultivation was continued at 37°C until the OD 600 reached 0.8. IPTG (0.01 mM) was added to the culture, and incubation was continued for another 20 h at 20°C on a rotary shaker. Cells were harvested by centrifugation and resuspended in 200 ml of buffer A (50 mM sodium phosphate buffer, pH 7.4, containing 500 mM NaCl, 0.1 mM dithiothreitol [DTT] , and 20% [vol/ vol] glycerol) and then disrupted by sonication. The crude cell extract was prepared by removal of cell debris by centrifugation at 10,000 ϫ g for 30 min. The recombinant protein fused with a histidine tag was purified using a nickel-nitrilotriacetic acid superflow (Qiagen, Venlo, Netherlands) according to the manufacturer's instructions. CYP154C3-containing fractions were dialyzed against 5 liters of buffer B (50 mM sodium phosphate buffer, pH 7.4, containing 0.1 mM EDTA, 0.1 mM DTT, and 20% [vol/vol] glycerol), and applied to anion-exchange chromatography. Chromatography was performed using a ResourceQ column (0.64 by 3 cm) preequilibrated in buffer B. Proteins were eluted in a linear gradient of buffer B to buffer B containing 500 mM NaCl. CYP154C3-containing fractions were dialyzed against 5 liters of buffer B and concentrated by ultrafiltration (Amicon Ultra-4; Millipore, MA, USA). The concentration of CYP154C3 was examined by the CO difference spectrum analysis (30) .
Measurement of the shift in the spin state of the heme accompanied by the substrate binding of CYP154C3. Five microliters of substrate solution (in DMSO; final substrate concentrations were 25.0, 12.5, 6.25, 3.13, 1.56, 0.781, 0.391, 0.195, and 0 M) was added to 0.1 nM CYP154C3 in a buffer (95 l; 50 mM sodium phosphate, pH 7.4, containing 0.1 mM EDTA, 0.1 mM DTT, and 20% [vol/vol] glycerol). The mixture was incubated at 25°C for 2 min. Thereafter, the absorbance spectrum (from 340 to 490 nm) was recorded to show the shift in the spin state of the heme. The absorbance difference spectrum was determined by subtracting the spectrum of CYP154C3 solution containing DMSO from the spectrum of CYP154C3 solution containing the substrate. Equilibrium dissociation constants (apparent K d values) were calculated according to a reported method (31) .
In vitro steroid conversion assay. An in vitro steroid conversion assay was performed with reaction solution (250 l) containing 50 mM sodium phosphate, pH 7.4, 0.1 mM EDTA, 0.1 mM DTT, and 20% (vol/vol) glycerol at 20°C for 3 h. The reaction mixture contained 0.8 M ferredoxin (from spinach; Sigma-Aldrich), ferredoxin reductase (0.01 U [at pH 7.5 and 25°C]; from spinach; Sigma-Aldrich), 0.2 nM CYP154C3, and 0.5 mM steroid. Steroids were dissolved in DMSO prior to addition to the reaction mixture (the final DMSO concentration in the reaction mixture was 1%). The reaction was started by the addition of NADPH at a final concentration of 0.5 mM. The products were analyzed by HPLC with the same method as that used for the bioconversion experiments described above.
Kinetic analysis of CYP154C3. To determine the kinetic parameters of the ⌬ 4 -androstene-3,17-dione conversion, the reactions were performed with reaction solution (250 l) containing 50 mM sodium phosphate buffer, pH 7.4, 0.1 mM EDTA, 0.1 mM DTT, and 20% (vol/vol) glycerol at 20°C for 20 min. The reaction mixture contained 2 M ferredoxin, ferredoxin reductase (0.025 U), 0.65 nM CYP154C3, and ⌬ 4 -androstene-3,17-dione, which was dissolved in DMSO prior to addition to the reaction mixture (the final DMSO concentration in the reaction mixture was 1%). The concentrations of ⌬ 4 -androstene-3,17-dione ranged from 0 to 750 M. The reaction was started by the addition of NADPH at a final concentration of 1 mM. The products were analyzed by HPLC with the same method as that used for the bioconversion experiments described above. To show the initial rate of the reaction, we measured the area of product peak in the UV chromatogram and calculated the amount of product from an analytical curve, which was created by the authentic 16␣-hydroxy-⌬ 4 -androstene-3,17-dione sample. Large-scale production and purification of the product. For structural determination of products, large-scale cultivation was carried out by inoculation of the preculture (2 ml) into 2ϫYT medium (1 liter) containing 80 g/ml 5-ALA, 1% glucose, 100 l/ml carbenicillin, 0.1 mM Fe(NH 4 ) 2 (SO 4 ) 2 , and 300 l/liter trace element solution in a baffled Erlenmeyer flask at 37°C. When the OD 600 reached 0.8, 0.01 mM IPTG was added to the culture and incubation was continued for another 20 h at 20°C on a rotary shaker at 160 rpm. Cells were collected by centrifugation and resuspended in 50 mM potassium phosphate (pH 7.2; 200 ml) containing 10% (vol/vol) glycerol. Each substrate dissolved in DMSO was added at a final concentration of 1 mM to the cell suspension (the final DMSO concentration in the reaction mixture was 1%), and bioconversion was performed by incubation at 26°C for 48 h with shaking (150 rpm). Saturated sodium chloride solution (200 ml) and ethyl acetate (600 ml) then were added, in this order, to the reaction mixture (200 ml), followed by shaking for 30 min. After centrifugation, the compound was purified from the organic phase by SiO 2 column chromatography and HPLC equipped with a reverse-phase column, an 5C18-AR-II column (20 mm Structure analysis by NMR spectrometry and high-resolution mass spectrometry. Nuclear magnetic resonance (NMR) spectra were recorded in CD 3 OD or CDCl 3 on a JNM-A500 spectrometer (JEOL, Tokyo, Japan). High-resolution mass spectrometry (HR-MS) was recorded in methanol on a JMS-T100LC device (JEOL, Tokyo, Japan).
RESULTS
Production of the functional CYP154C3 enzyme in E. coli as a fusion protein with the P450 reductase domain of P450Rhf. We constructed an expression plasmid (pCYP154C3-RED) for the production of CYP154C3 that was C terminally fused with the P450 reductase domain (RED) of the self-sufficient P450, P450Rhf, of Rhodococcus species. The CYP154C3-RED fusion protein was produced in E. coli BLR(DE3) harboring pCYP154C3-RED, as described in Materials and Methods. The amount of active CYP154C3-RED was 11.5 Ϯ 2.2 nmol per 1 liter of culture, as determined by the CO difference spectrum analysis (Fig. 2) . The production level of CYP154C3-RED was sufficient for the ensuing bioconversion experiments.
Substrate screening of CYP154C3 using E. coli BLR(DE3) harboring pCYP154C3-RED. We carried out a systematic screening for substrate(s) of CYP154C3 using E. coli BLR(DE3) harboring pCYP154C3-RED and a low-molecular-weight compound library, which contained 57 substrate candidates, including steroids, sesquiterpenes, naphthalene derivatives, biphenyl derivatives, flavonoids, and other chemicals with aromatic rings (Fig. 1) . E. coli BLR(DE3) cells, which produced active CYP154C3-RED, were incubated with each substrate candidate and possible bioconversion products were analyzed by HPLC, as described in Materials and Methods. Consequently, we found that testosterone (compound 1) and progesterone (compound 3) were efficiently converted into compounds 2 and 4, respectively (Fig. 3A and B) . ␤-Estradiol (compound 5; Fig. 4 depicts its structure) was also converted into a different compound with a low efficiency (data not shown). Conversion of the other 53 compounds was not observed. The conversion rate of testosterone (compound 1), progesterone (compound 3), and ␤-estradiol (compound 5) was 74.0% Ϯ 15.6%, 85.0% Ϯ 18.2%, and 9.9% Ϯ 8.7%, respectively, when estimated from the amounts of residual substrates in the bioconversion experiments, in which E. coli BLR(DE3) cells harboring pRED (which directed the production of RED only) were used as a negative control.
Structure determination of compounds 2 and 4. To elucidate the structure of compounds 2 and 4, we tried to obtain large amounts of these compounds by a large-scale bioconversion of testosterone (compound 1) and progesterone (compound 3), as described in Materials and Methods. Consequently, from the 1-liter reaction mixture, sufficient amounts of compound 2 (36.7 mg) and compound 4 (67.1 mg) were purified by SiO 2 column chromatography and HPLC equipped with a reverse-phase column. We then analyzed the structure of compounds 2 and 4 by NMR ( 1 H NMR, 13 the OH group was determined to be C-16␣ by the observation of 1 Tables S1 and S2 in the supplemental material). Thus, compounds 2 and 4 were determined to be 16␣-hydroxytestosterone and 16␣-hydroxyprogesterone, respectively (Fig. 3 depicts their  structures) .
H-1 H vicinal spin networks between H-13, H-14, H-15, and H-17 and an NOE signal observed between H-16␤, H-15␣, and H-18 (see

Bioconversion of various steroids by E. coli BLR(DE3) harboring pCYP154C3-RED.
To obtain further insight into the substrate specificity and reaction specificity of CYP154C3, we examined the bioconversion of another 23 steroid compounds, shown in Fig. 4 , by E. coli BLR(DE3) cells harboring pCYP154C3-RED. Fourteen of the 23 steroids were converted into different compounds with various conversion rates (Fig. 5A) . Using the same method as that for the structure determination of compounds 2 and 4, we determined the structure of six products (from Tables S3 to S8 in the supplemental material). Similar to compounds 2 and 4, all six bioconversion products were found to have one OH group at the 16␣ position of the D ring. Three of the six bioconversion products, 16␣-hydroxyadrenosterone (from compound 7), 16␣-hydroxydeoxycorticosterone (from compound 9), and 16␣-hydroxy-4-pregnene-3,11,20-trione (from compound 10), are novel compounds. This result indicates that CYP154C3 catalyzes regioand stereospecific hydroxylation of various steroids at the D ring in the 16␣ position. Therefore, it was reasonable that dexamethasone (compound 21), which has a methyl group at C-16␣, and estriol (compound 22), which has an OH group at C-16␣, were not transformed. Many of the other compounds that were not transformed have a bulky substitute group at the D ring. We speculate that these bulky substitute groups are a structural hindrance for the substrates to enter the catalytic pocket of CYP154C3. Although we did not determine the structure of the bioconversion products from compounds 5 and 12 to 20, we speculated that they all have one OH group at the D ring in the 16␣ position, similar to the other steroids described above.
Equilibrium dissociation constants between CYP154C3 and the substrates. We next investigated the equilibrium dissociation constants between CYP154C3 and the substrates. For this purpose, we prepared purified CYP154C3 that was not fused with RED, as described in Materials and Methods (Fig. 6A ). The CO difference spectrum indicated that the purified CYP154C3 enzyme has an active form (Fig. 6B) . Generally, when a substrate associates with P450, a spectrum change is observed; a peak at about 385 nm and a trough at about 420 nm should appear. This spectral change is caused by the substrate binding at a site very close to the heme, which leads to a transition from the hexacoordinate state of native low-spin P450 (Fe 3ϩ heme; spin quantum number [S] ϭ 1/2) to its pentacoordinate high-spin P450 (Fe 3ϩ heme; S ϭ 5/2) after the loss of H 2 O near the iron ligand (32) . In other words, a compound that causes such a spectral change in the heme has a high possibility of being a substrate of the examined P450. Furthermore, by analyzing this spectral change, equilibrium dissociation constants (apparent K d values) between a P450 and its substrate can be estimated. We examined the binding between CYP154C3 and all eight preferred steroid substrates (testosterone 4 -androstene-3,17-dione was calculated to be 1.51 Ϯ 0.01 M (see Fig. S1 ). Similarly, we estimated the apparent K d values for the other steroids (Fig.  7B) . The apparent K d values for all eight preferred steroid substrates were less than 8 M, indicating that CYP154C3 strongly binds to them.
Enzymatic conversion of various steroids in vitro. To obtain further insight into the catalytic function of CYP154C3, we examined the enzymatic conversion of 18 steroids which showed bioconversion, using purified CYP154C3, spinach ferredoxin, and spinach ferredoxin reductase. We detected enzymatic conversion of all 18 examined steroids (Fig. 5B) . All of the conversion products were the same compounds as the products in the respective bioconversion experiment described above, as determined by HPLC, indicating that CYP154C3 catalyzed the regio-and stereospecific hydroxylation of various steroids at the 16␣ position independently of the redox partners. Interestingly, there was no correlation between the conversion rates of the bioconversion using E. coli cells producing CYP154C3-RED and the enzymatic conversion (Fig. 5A and B) .
Kinetic parameters of the CYP154C3-catalyzed hydroxylation of ⌬ 4 -androstene-3,17-dione. We determined the kinetic parameters of the CYP154C3-catalyzed hydroxylation of ⌬ 4 -androstene-3,17-dione, which was the most preferable substrate in the bioconversion but a relatively poor substrate in the enzymatic conversion. Ferredoxin and ferredoxin reductase from spinach were used as redox partners. The K m value for ⌬ 4 -androstene-3,17-dione was estimated to be 31.9 Ϯ 9.1 M (see Fig. S2 in the supplemental material). The k cat value of the reaction was estimated to be 181 Ϯ 4.5 s Ϫ1 (see Fig. S2 ).
DISCUSSION
In this study, we identified CYP154C3 of S. griseus as a steroid D-ring 16␣-specific hydroxylase and analyzed its substrate specificity, reaction specificity, and kinetic parameters. The CYP154C5 enzyme of N. francinica has been shown to hydroxylate six steroids, testosterone (compound 1), pregnenolone (compound 15), dehydroepiandrosterone (compound 11), progesterone (compound 3), ⌬ 4 -androstene-3,17-dione (compound 6), and nandrolone, at the D ring in the 16␣ position, similar to CYP154C3 (14, 22) . These two CYP154C enzymes are phyloge- netically close to each other (both show 66% identity in the amino acid sequence). Thus, steroid D-ring 16␣-specific hydroxylases seem to be conserved across the genera Streptomyces and Nocardia, although their physiological function remains unknown, as is the case for many other bacterial P450s. Interestingly, the substrate specificity of CYP154C3 seems to be different from that of CYP154C5. Progesterone is preferable to testosterone as the substrate for CYP154C5 (22) . In contrast, CYP154C3 hydroxylates both progesterone and testosterone with similar efficiency.
It has been reported that CYP154H1 of T. fusca hydroxylates ethylbenzene, n-propylbenzene, styrene, and indole, and it oxidizes sulfide compounds, including thioanisole, into sulfoxides and sulfones in vitro (21) . Ethylbenzene, n-propylbenzene, indole, and thioanisole were included in our substrate candidate library (Fig. 1) , but no conversion of these compounds was observed in our bioconversion experiment, indicating that these compounds are not CYP154C3 substrates. This result showed that the substrate specificities are very different between CYP154H1 and CYP154C3. Taking the substrate specificities of other characterized CYP154 enzymes (CYP154C5, CYP154C1, CYP154A1, CYP154E1, and CYP154A8) into consideration, the CYP154 family seems to have a very broad substrate spectrum.
One of the important features of CYP154C3 is its strict substrate selectivity. For example, cyanobacterial CYP110E1 (33) uses various compounds with diverse molecular sizes and structures as substrates, and it catalyzes hydroxylation and deprotonation at various positions. CYP153A13a (P450balk) isolated from the marine bacterium Alcanivorax borkumensis SK2 hydroxylates various compounds with diverse structures, such as n-octane, cyclohexane, and n-butylbenzene (34) . The CYP116 enzyme of Rhodococcus ruber DSM 44319 also hydroxylates various aromatic compounds, including 7-ethoxycoumarin, naphthalene, and toluene (35) . In contrast to these enzymes, CYP154C3 accepts only steroids, and the hydroxylation occurs specifically at the D ring in the 16␣ position. We speculate that CYP154C3 has a catalytic pocket that is very suitable for the accommodation of steroid substrates. The low apparent K d values (less than 8 M) of the binding between CYP154C3 and steroid substrates support this speculation.
In the bioconversion experiment, we used E. coli BLR(DE3) harboring pCYP154C3-RED, in which CYP154C3 was produced as a fusion protein with the P450 reductase domain of P450Rhf (RED). We think that the CYP154C3 enzyme was active with the aid of the redox partner fused to it. However, we note that intrinsic ferredoxin and ferredoxin reductase of E. coli also have the potential to act as redox partner proteins of CYP154C3. Interestingly, E. coli BLR(DE3) producing only native CYP154C3 was able to transform testosterone into 16␣-hydroxytestosterone with high efficiency; the conversion rate was approximately 60% (for 24 h at 25°C) when 5 mM testosterone was used as a substrate (data not shown). Therefore, we cannot eliminate the possibility that the E. coli ferredoxin and ferredoxin reductase function as redox partner proteins of CYP154C3, even when it is fused with RED. Nevertheless, we postulate that RED is the main redox partner of CYP154C3 in E. coli BLR(DE3) harboring pCYP154C3-RED, because CYP154C3 and RED are physically close to each other.
In this study, we performed bioconversion using E. coli cells producing the CYP154C3-RED fusion protein as well as enzymatic conversion using purified CYP154C3 with the aid of ferredoxin and ferredoxin reductase from spinach. To the best of our knowledge, this is the first example of a detailed comparison between the conversion rates of these two different conversion experiments. Interestingly, there was no correlation between the conversion rates of these experiments ( Fig. 5A and B) . For example, ⌬ 4 -androstene-3,17-dione (compound 6) was the most preferable substrate in the bioconversion, but it was a rather poor substrate in the enzymatic conversion. Conversely, pregnenolone (compound 15) was the most preferable substrate in the enzymatic conversion, but it was a rather poor substrate in the bioconversion. We speculated that the cytoplasmic membrane permeability of each steroid greatly affects the conversion rate in the bioconversion experiment. If this speculation is correct, then we cannot estimate correct substrate preference of an enzyme by a bioconversion experiment; an in vitro enzyme assay is required for this. However, another possibility is that the difference in conversion rates comes from the difference in redox partner proteins. In the bioconversion using E. coli BLR(DE3) harboring pCYP154C3-RED, the P450 reductase domain of P450Rhf from Rhodococcus species was used as the main redox partner. In contrast, in the in vitro enzyme assay, ferredoxin and ferredoxin reductase from spinach were the redox partner proteins. Several studies have indicated that in vitro P450 activity depends on the redox partner proteins used for the reaction (36, 37) . Therefore, the difference in conversion rates between bioconversion and in vitro enzyme assay can be ascribed to the difference in redox partner. Furthermore, if the effect of the redox partner on P450 activity varies among respective substrates, the difference in redox partner should be considered for the difference in substrate preference between two conversion experiments.
The k cat /K m value of the hydroxylation of ⌬ 4 -androstene-3,17-dione by CYP154C3 was estimated to be 5.6 M Ϫ1 s Ϫ1 . There are only a limited number of reports on k cat /K m values for P450s. Examples are CYP105D7 (0.0006 M Ϫ1 s Ϫ1 ) from Streptomyces avermitilis (38) , which is involved in the biosynthesis of pentalenolactone, and CYP107L (2.3 M Ϫ1 s Ϫ1 ) from Streptomyces platensis (39) , which hydroxylates terfenadine, a kind of antihistamine agent. Compared to these values, the k cat /K m value (5.6 M Ϫ1 s Ϫ1 ) of the CYP154C3-catalyzed hydroxylation of ⌬ 4 -androstene-3,17-dione seems to be in an appropriate range.
16␣-Hydroxysteroids have various uses. Maternal urine steroid measurements are effective for detecting fetal steroid sulfatase deficiency, and 16␣-hydroxydehydroepiandrosterone (16␣-OH-DHA) sulfate is an important biomarker; 16␣-OH-DHA sulfate is the precursor of estriol (compound 22), which is an estrogen (40) . After hydrolysis of 16␣-OH-DHA sulfate by a sulfatase, 16␣-OH-DHA is detected by gas chromatography-mass spectrometry (GC-MS) (40) . Therefore, 16␣-OH-DHA is used for an important authentic standard in the diagnostic test. Meanwhile, 16␣-hydroxyprogesterone seems to be a useful precursor for the synthesis of allopregnane-3,6,20-trione and pregnane-3,11,20-trion, which are metabolites of progesterone and could be important authentic standards in a diagnostic test. To the best of our knowledge, there is no efficient method for synthesizing 16␣-hydroxyprogesterone with a high yield. Some 16␣-hydroxylated steroids may also be important intermediates in the synthesis of steroid drugs in a wide range of therapeutic applications. Chemical synthesis of 16␣-hydroxysteroids is generally difficult because of their complicated structure and many stereocenters. In contrast, using E. coli BL-R(DE3) cells harboring pCYP154C3-RED, many steroids can be easily hydroxylated to produce 16␣-hydroxysteroids with a high yield. Accordingly, the regio-and stereospecific hydroxylation of steroids at the D ring in the 16␣ position by CYP154C3 is very useful for the synthesis of 16␣-hydroxysteroids. Thus, CYP154 has considerable potential for industrial applications.
